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MULTIPLE PREPARATORY EXCITATIONS AND READOUTS 
DISTRIBUTED OVER THE CARDIAC CYCLE 

Background of the Invention 

The present invention relates to the medical 
imaging arts. It particularly relates to cardiac imaging 
using magnetic resonance imaging (MR I) techniques, and 
will be described with particular reference thereto. 
However, the invention will also find application in 
conjunction with other magnetic resonance-based imaging 
applications and other imaging applications in which a 
spatially or temporally selective preparatory excitation 
of the imaged subject is employed. 

Magnetic resonance imaging (MRI) of the heart 
provides a powerful diagnostic and monitoring tool which 
is useful in treating coronary diseases and other heart 
ailments. MRI is non- invasive (except for contrast- 
enhanced MRI) and is capable of imaging quickly enough to 
monitor the cardiac cycle in real time. The combination 
of MRI with an electrocardiograph (ECG) that 
non-invasively monitors the cardiac cycle enables 
controlled medical imaging of selected phases of the 
cardiac cycle, e.g. the systolic or diastolic cardiac 
phases . 

One application of cardiac MRI is measurement of 
the motion of the heart muscle. Forces, stresses, and 
strains on the heart during the cardiac cycle can be 
monitored by MRI. However, initially, the lack of spatial 
reference points made interpretation of MRI cardiac 
stress/strain images difficult. 

The spatial modulation of magnetization ( SPAMM) 
technique was developed to alleviate this difficulty. An 
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MULTIPLE PREPARATORY EXCITATIONS AND READOUTS 
DISTRIBUTED OVER THE CARDIAC CYCLE 

Background of the Invention 

The present invention relates to the medical 
imaging arts. It particularly relates to cardiac imaging 
using magnetic resonance imaging (MRI) techniques, and 
5 will be described with particular reference thereto. 
However, the invention will also find application in 
conjunction with other magnetic resonance-based imaging 
applications and other imaging applications in which a 
spatially or temporally selective preparatory excitation 

10 of the imaged subject is employed. 

Magnetic resonance imaging (MRI) of the heart 
provides a powerful diagnostic and monitoring tool which 
is useful in treating coronary diseases and other heart 
ailments. MRI is non-invasive (except for contrast- 

15 enhanced MRI) and is capable of imaging quickly enough to 
monitor the cardiac cycle in real time. The combination 
of MRI with an electrocardiograph (ECG) that 
non-invasively monitors the cardiac cycle enables 
controlled medical imaging of selected phases of the 

2 0 cardiac cycle, e.g. the systolic or diastolic cardiac 
phases . 

One application of cardiac MRI is measurement of 
the motion of the heart muscle. Forces, stresses, and 
strains on the heart during the cardiac cycle can be 
25 monitored by MRI. However, initially, the lack of spatial 
reference points made interpretation of MRI cardiac 
stress/ strain images difficult. 

The spatial modulation of magnetization (SPAMM) 
technique was developed to alleviate this difficulty. An 



exemplary SPAMM process is described with reference to 
FIGURE 1, where an electrocardiogram ECG is schematically 
shown. A first cardiac cycle CC, is shown in full, with 
several conventionally recognized points in the 
electrocardiogram ECG labeled: namely the atrial 

depolarization P, ventricular depolarization Q, R, S, and 
ventricular repolarization T. A second cardiac cycle CC 2 
with points P', Q', R', S', T' labeled is shown in part. The 
SPAMM data acquisition is triggered by a selected 
electrocardiographic gating event G, such as the 
occurrence of the R peak. After a selected gating delay 
GD, a tag sequence TAG is applied. 

As is known to the art, an appropriate tag 
sequence TAG typically includes one or more radio 
frequency (RF) pulses such as binomial RF pulses in 
combination with selected magnetic field gradients that 
"wrap" the magnetization phase spatially to create a 
spatially periodic magnetization phase variation. The RF 
pulse and selected field gradients cooperate to generate 
a spatial variation in the magnetization of the cardiac 
tissues, usually including sinusoidal modulation in two 
directions forming a two dimensional cross-hatched 
magnetization pattern in the cardiac tissues that extends 
in planar fashion perpendicularly to the imaging plane. 

The preparatory tagging sequence TAG is followed 
by one or more magnetic resonance image data acquisition 
sequence blocks I,, I 2 , I 3 , ... I n . The blocks I,, I 2 , I 3 , 
... I image the cross-hatched magnetization pattern or 
tags superimposed on the cardiac images. As the cardiac 
muscle moves in accordance with the cardiac cycle, the tag 
portions associated with the cardiac tissue move as well. 
The tag portions associated with the stationary portions 
of the chest cavity remain stationary, thus providing the 
desired reference points to track the cardiac muscle 
motion during the cardiac cycle. 

With continuing reference to FIGURE 1 and with 
further reference to FIGURE 2A, a typical SPAMM image I 3/64 



corresponding to phase=3/64 of the cardiac cycle CC, is 
shown. The superimposed tags appear as horizontal dark 
and bright lines. Since tag portions are associated with 
the cardiac tissue and the stationary chest walls, they 
5 provide convenient reference points for monitoring the 
motion of the heart over the cardiac cycle CC 1 through the 
sequential MRI image data blocks I.,, I 2 , l 3 , . . . I . in 
the exemplary FIGURE 2A, tags have been generated in only 
one direction for simplicity, rather than employing a more 

10 commonly used cross-hatching tag pattern. 

After the imaging data acquisition, a trigger 
window TW trails the data acquisition sequence and 
terminates at a recurrence G' of the trigger event. In 
this manner, the actual cardiac cycle interval can be 

15 measured as the time interval between trigger events G, G' . 

Typically, data acquisition rate limitations 
dictate the use of segmented SPAMM imaging. In segmented 
SPAMM, only a few lines of k-space are acquired for a 
given cardiac cycle interval, e.g. for the cardiac cycle 

20 interval CC 1 . The data acquisition blocks I,, l 2 , l 3 , . . 

I n are repeated over a plurality of cardiac cycle 
intervals to acquire a full segmented SPAMM k-space data 
set which is then reconstructed in the usual way. For 
example, if there are 256 k-space lines which are to be 

2 5 acquired over 32 cardiac cycle intervals, the image data 

blocks I 1r I 2 , l 3 , . . . i n during the first cardiac cycle 
interval acquire the k-space lines 1, 33, 65, ... 225. 
The k-space lines 2, 34, 66, ... 226 are acquired during 
the second cardiac cycle, and so on until the thirty - 
30 second cardiac cycle acquires the k-space lines 32, 64, 
... 256, which complete the data sets. 

As is well-known to those skilled in the art, 
the conventional SPAMM method has a significant operative 
limitation. With continuing reference to FIGURE 2A and 

3 5 with further reference to FIGURES 2B and 2C, which show 

later images I 22/64j I 42/64 corresponding to phases 22/64 and 
42/64 of the cardiac cycle interval, respectively, it is 
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seen that the tags do not persist through the cardiac 
cycle interval, but instead gradually blur out and decay 
due to T 1 relaxation effects. Typically, the tags persist 
for less than 0.5 second, while the cardiac cycle is 
5 typically close to 1 second (i.e., corresponding to a 
heart rate of 60 beats per second) . Furthermore, tag 
persistence can be reduced by factors such as the presence 
of a magnetic resonance contrast agent in contrast- 
enhanced MRI. As seen in FIGURE 1, an approach to this 

10 limited tag persistence is to select the gating delay GD 
appropriately so as to examine the portion of the cardiac 
cycle of interest. However, the lack of tag persistence 
means that SPAMM does not usefully image a large portion 
of the cardiac cycle interval. 

15 A variation on the SPAMM technique, called 

complementary spatial modulation of magnetization 
(CSPAMM) , was developed to overcome the tag blurring 
encountered in SPAMM. In CSPAMM, a first SPAMM sequence 
is run in a first cardiac cycle interval. A second SPAMM 

2 0 sequence is run in a second cardiac cycle interval, but 
with the tags' magnetization phase-shifted 180° relative to 
the tag magnetizations produced in the first cardiac cycle 
interval. The corresponding k-space data from the first 
and second cardiac cycle intervals are subtracted to 

2 5 produce the CSPAMM image. The subtracting cancels out the 

T 1 relaxation in the two images, and so tag persistence is 
greatly improved. As with SPAMM, data acquisition rate 
limitations usually dictate acquisition of CSPAMM data in 
a segmented mode over a plurality of cardiac cycle 
30 intervals. 

With reference to FIGURES 3 A through 3C, 
exemplary CSPAMM images I 3/64 i 42/64 are shown at phases 

3/64, 22/64, and 42/64. This images are CSPAMM images 
corresponding to the SPAMM images of FIGURES 2A through 

3 5 2C. It is seen that the CSPAMM images exhibit strong tag 

persistence all the way out to phase=42/64. 

However, as is well-known to those skilled in 



the art, a significant limitation of CSPAMM is that the 
image fades while the tags persist. This fading arises 
because the canceled T 1 relaxation component contributes 
significantly to the image contrast, and so as the T 1 
5 relaxation increases with time subsequent to the tagging, 
its removal by the subtracting severely degrades the image 
contrast. This effect is clearly seen in FIGURE 3C, where 
although the tag contrast is quite strong, the cardiac 
image contrast is almost completely faded out by phase 

10 42/64. Thus, the tag persistence achieved by CSPAMM does 
not translate into useful imaging of the entire cardiac 
cycle interval, because the image fades. 

The present invention contemplates an improved 
imaging method for imaging in conjunction with tags or 

15 other preparatory sequences which overcomes the 
aforementioned limitations and others. 

Summary of the Invention 

According to one aspect of the invention, a 
magnetic resonance cardiac imaging method for imaging a 
2 0 heart is disclosed. A data acquisition sequence is 
applied. The data sequence includes a first preparation 
sequence block, a first imaging sequence block having at 
least one readout interval that collects first data, a 
second preparation sequence block, and a second imaging 

2 5 sequence block having at least one readout interval that 

collects second data. The data acquisition sequence 
occupies an acquisition time interval which is less than 
a cardiac cycle interval of the heart. 

According to another aspect of the invention, a 

3 0 method for reducing the specific absorption ratio (SAR) 

received by a patient during magnetic resonance imaging of 
a cardiac cycle interval is disclosed. A first 
preparatory sequence block is applied to the patient at a 
first point in the cardiac cycle interval. First image 
3 5 data is acquired responsive to the first preparatory 
sequence block. A second preparatory sequence block is 



applied to the patient at a second point in the cardiac 
cycle interval. Second image data is acquired responsive 
to the second preparatory sequence block. 

According to yet another aspect of the 
5 invention, an apparatus for acquiring image data 
associated with cardiac cycling of a heart is disclosed. 
A magnetic resonance imaging (MRI) scanner is arranged to 
interact with at least a portion of the heart. An 
electrocardiograph monitors the cardiac cycling. An 

10 imaging sequence processor communicating with the MRI 
scanner and the electrocardiograph performs an MRI data 
acquisition sequence with timing coordinated by a signal 
from the electrocardiograph. The data acquisition 
sequence includes a first preparatory sequence block that 

15 produces a first modification of heart magnetization, a 
first imaging sequence block including at least one 
readout that produces first image data associated with the 
heart, a second preparatory sequence block that produces 
a second modification of heart magnetization, and a second 

2 0 imaging sequence block including at least one readout that 
produces second image data associated with the heart. The 
data acquisition sequence occurs over an acquisition time 
interval which is smaller than a cardiac cycle interval. 
A reconstruction processor reconstructs first and second 

2 5 image data to form a plurality of image representations of 
the heart which are associated with selected portions of 
the cardiac cycle. 

One advantage of the present invention is that 
it facilitates useful cardiac stress/strain/motion imaging 

30 throughout the entire cardiac cycle interval. 

Another advantage of the present invention is 
that it enables use of a plurality of imaging modalities 
within a single cardiac cycle interval, such as cardiac 
stress/strain/motion imaging and perfusion imaging. 

35 Another advantage of the present invention is 

that it more efficiently uses MRI imaging time. This 
advantage is of particular importance in clinical settings 



where patient throughput is a significant consideration. 

Yet another advantage of the present invention 
is that it reduces the specific absorption ratio (SAR) 
delivered to the patient by distributing tags or 
5 preparatory sequence blocks over the cardiac cycle 
interval and allowing each tag or preparatory sequence 
block to employ a reduced angle of excitation. Since the 
SAR is proportional to the square of the pulse amplitude, 
significant SAR reduction can be achieved. 
10 Numerous additional advantages and benefits of 

the present invention will become apparent to those of 
ordinary skill in the art upon reading the following 
detailed description of the preferred embodiment. 

Brief Description of the Drawings 

15 The invention may take form in various 

components and arrangements of components, and in various 
steps and arrangements of steps. The drawings are only 
for the purpose of illustrating preferred embodiments and 
are not to be construed as limiting the invention. 

2 0 FIGURE 1 schematically shows the timing diagram 

of a cardiac stress/ strain/motion imaging sequence 
according to the prior art, referenced to a corresponding 
electrocardiogram, that employs a conventional spatial 
modulation of magnetization (SPAMM) preparatory tag; 

2 5 FIGURES 2 A, 2B, 2C show exemplary conventional 

prior art SPAMM images at phases 3/64, 22/64, and 42/64, 
respectively, of the cardiac cycle interval; 

FIGURES 3A, 3B, 3C show exemplary conventional 
prior art complementary SPAMM (CSPAMM) images at phases 

3 0 3/64, 22/64, and 42/64, respectively, of the cardiac cycle 

interval ; 

FIGURE 4 shows an exemplary magnetic resonance 
imaging apparatus configured to perform cardiac imaging 
with multiple-excitations and readouts in a single cardiac 
3 5 cycle interval; 

FIGURE 5 shows an exemplary multiple-excitation 
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CSPAMM data acquisition method using two SPAMM tags per 
cardiac cycle interval; 

FIGURE 6 schematically shows the timing diagram 
of the exemplary multiple-excitation CSPAMM imaging of 
5 FIGURE 5 referenced to a corresponding electrocardiogram; 

FIGURE 7 schematically shows the timing diagram 
of an embodiment of a preparatory or tagging seguence 
suitable for use in the timing diagram of FIGURE 6 ; 

FIGURE 8 schematically shows the timing diagram 
10 of an embodiment of an imaging sequence suitable for use 
in the timing diagram of FIGURE 6; 

FIGURE 9 schematically shows the timing diagram 
of another exemplary multiple-excitation cardiac imaging 
embodiment in which a plurality of different preparatory 
15 excitations and readouts are applied during a single 
cardiac cycle interval; 

FIGURE 10 schematically shows the timing diagram 
of a suitable non-SPAMM/CSPAMM preparatory sequence of 
FIGURE 9, which effectuates preparatory spin inversion 
2 0 for subsequent inversion recovery (IR) perfusion imaging; 

FIGURE 11 schematically shows the timing diagram 
of, a suitable non-SPAMM/CSPAMM preparatory sequence of 
FIGURE 9, which effectuates preparatory saturation of 
magnetization that enhances perfusion image contrast; 

2 5 FIGURE 12 schematically shows the timing diagram 

of a suitable embodiment of the non-SPAMM/CSPAMM imaging 
sequence of FIGURE 10 which effectuates in cooperation 
with the magnetization saturation of FIGURES 10 or 11 
enhanced imaging of blood perfusion in tissues; 
30 FIGURE 13 schematically shows an exemplary 

arrangement of segmented CSPAMM k-space line acquisitions 
and perfusion image acquisitions in which the SPAMM tags 
and complementary SPAMM tags are distributed over sixteen 
cardiac cycles; 

3 5 FIGURE 14 schematically shows another exemplary 

arrangement of segmented CSPAMM k-space line acquisitions 
and perfusion image acquisitions in which the SPAMM tags 



and complementary SPAMM tags are distributed over sixteen 
cardiac cycles; 

FIGURE 15 shows an alternative preparatory 
sequence block for use in the timing diagram of FIGURE 9 ; 
5 FIGURE 16 shows an alternative readout sequence 

block for use in the timing diagram of FIGURE 9; 

FIGURE 17 schematically shows the timing diagram 
of yet another exemplary multiple-excitation cardiac 
imaging embodiment in which a SPAMM or CSPAMM segmented 
10 imaging data acquisition is combined with late enhancement 
imaging during a single cardiac cycle interval; and 

FIGURE 18A, 18B, 18C show exemplary multiple- 
excitation CSPAMM images acquired in accordance with the 
method and apparatus of FIGURES 5 through 8 at phases 
15 3/64, 22/64, and 42/64, respectively, of the cardiac 
cycle . 

Detailed Description of the Preferred Embodiments 

With reference to FIGURE 4, an apparatus that 
suitably practices an embodiment of the invention is 

2 0 described. A magnetic resonance imaging (MRI) scanner 10 

typically includes superconducting or resistive magnets 12 
that create a substantially uniform, temporally constant 
main magnetic field B Q along a z-axis through an 
examination region 14. Although a bore-type magnet is 
25 illustrated in FIGURE 4, the present invention is equally 
applicable to open magnet systems and other known types of 
MRI scanners. The magnets 12 are operated by a main 
magnetic field control 16. Imaging is conducted by 
executing a magnetic resonance (MR) sequence with the 

3 0 subject being imaged, e.g. a patient 18, placed at least 

partially within the examination region 14, typically with 
the region of interest at the isocenter. 

The magnetic resonance sequence entails a series 
of RF and magnetic field gradient pulses that are applied 
35 to the subject to invert or excite magnetic spins, induce 
magnetic resonance, refocus magnetic resonance, manipulate 
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magnetic resonance, spatially and otherwise encode the 
magnetic resonance, to saturate spins, and the like. More 
specifically, gradient pulse amplifiers 20 apply current 
pulses to a whole body gradient coil assembly 22 to create 
5 magnetic field gradients along x-, y-, and z-axes of the 
examination region 14. 

An RF transmitter 24, preferably digital, 
applies RF pulses or pulse packets to a whole-body RF coil 
2 6 to transmit RF pulses into the examination region. A 

10 typical RF pulse is composed of a packet of immediately 
contiguous pulse segments of short duration which taken 
together with each other and any applied gradients achieve 
a selected magnetic resonance manipulation. The RF pulses 
are used to saturate, excite resonance, invert 

15 magnetization, refocus resonance, or manipulate resonance 
in selected portions of the examination region. 

For whole-body applications, the resulting 
resonance signals, generated as a result of a selected 
manipulation, are also picked up by the whole-body RF coil 

20 26. Alternately, for generating RF pulses in limited 
regions of the subject, local RF coils are placed 
contiguous to the selected region. For example, as is 
known in the art, an insertable head coil or other such 
specialized RF coils (not shown) may also be employed. 

2 5 For example, the RF system optionally includes a phased 

array receive coil (not shown) whereby partial parallel 
imaging (PPI) techniques known to the art are enabled. In 
one embodiment, the whole-body RF coil 2 6 induces 
resonance and a local RF coil or coil array receives 

3 0 magnetic resonance signals emanating from the selected 

region. In other embodiments, the local RF coil both 
excites and receives the resulting magnetic resonance 
signals . 

Regardless of the RF coil configuration and the 
3 5 application thereof, the resultant RF magnetic resonance 
signals that are picked up by one or another of the RF 
coils is received and demodulated by an RF receiver 32. 
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A sequence control processor 34 controls the gradient 
pulse amplifiers 20, the RF transmitter 24, and the RF 
receiver 32 to produce integrated MRI pulse sequence and 
readout waveforms that generate the magnetic resonance 
5 (MR) signals and optional echoes, provide appropriate 
encoding gradients to spatially encode the resultant MR 
response, and coordinate MR pickup and receive operations. 

The MRI sequence typically includes a complex 
series of magnetic field gradient pulses and/or sweeps 

10 generated by the gradient amplifiers 20 which along with 
selected RF pulses generated by RF coils 2 6 result in 
magnetic resonance echoes that map into k-space. The 
resultant magnetic resonance data is stored in a k-space 
memory 36. The k-space data is processed by a 

15 reconstruction processor 38, which is typically an inverse 
Fourier transform processor or other reconstruction 
processor known to the art, to produce a reconstructed 
image representation. A display processor 40 formats the 
CSPAMM images appropriately for display on a display 

20 device 42. Of course, the imaging results can be 
processed in other ways besides displaying, such as 
printing on a high resolution printer, inputting into 
animation software, transferring across a computer 
network, or the like. 

25 In cardiac cycle imaging, the patient 18 is 

imaged by the MRI system 10 using imaging conditions that 
particularly emphasize the heart muscle, blood tissue, 
blood movement or flow, blood perfusion into tissues, or 
other aspect of clinical interest. Optionally, a magnetic 

3 0 resonance contrast agent 44 is administered to the patient 
18 to improve contrast of selected features, such as the 
blood. Contrast agents selected from the gadolinium or 
Dysprosium families of agents are often used for cardiac 
imaging. Although useful for enhancing vascular contrast, 

3 5 contrast agents can exacerbate the image fading problem in 
CSPAMM. Additionally, for cardiac cycle imaging the 
cardiac cycle is advantageously independently monitored 
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non-invasively using an electrocardiograph (ECG) 50. An 
appropriate imaging sequence such as a SPAMM or CSPAMM 
sequence is applied. Substantially the entire cardiac 
cycle is characterized using one or more imaging methods 
5 by applying a plurality of preparatory sequences during 
each cardiac cycle interval. For example, in multiple- 
excitation CSPAMM a plurality of SPAMM tags 52, 54 are 
applied at pre-selected points during each cardiac cycle 
interval . 

10 With reference to FIGURE 5 and 6, an exemplary 

process for obtaining a portion of segmented multiple- 
excitation CSPAMM image data is described. The 
electrocardiograph 50 produces an electrocardiogram 90 
that is monitored 100 for a trigger event 102, such as an 

15 occurrence of the R pulse. Detection 100 of the trigger 
event 102 indicates the start of a cardiac cycle interval 
104. It will be appreciated that although the trigger 102 
corresponds to the R peak in FIGURE 6, the cardiac cycle 
interval can be defined to begin and end at any convenient 

2 0 recurring reference point within the cardiac cycle. Once 
the start of the cardiac interval 104 is identified, the 
start of the data acquisition sequence is delayed by a 
selected gating delay 10 6. In conventional CSPAMM, only 
a limited portion of the cardiac cycle is measurable due 

2 5 to the temporal decay of the image contrast, and so 

relatively long gating delays are sometimes used. The 
multiple-excitation CSPAMM described here uses multiple 
SPAMM tag excitations in a single cardiac cycle interval 
to effectuate useful data acquisition over as much as the 

3 0 entire cardiac cycle interval, and so the gating delay 10 6 

can be shortened or even eliminated entirely. 

The gating delay 10 6 leads to the start 110 of 
a first data acquisition sequence 112, which includes 
application of a first tag 114 followed by a data 
35 acquisition sequence block 116 comprising partial 
(segmented) acquisition of data for one or more individual 
images 116 n , in which the individual images correspond to 
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increasing phase values of the cardiac cycle. The first 
data acquisition sequence 112 acquires first data 118. 
The first sequence 112 is followed by a second data 
acquisition sequence 120, which includes a second tag 122 
5 followed by a data acquisition sequence block 124 
comprising partial (segmented) acquisition of data for one 
or more individual images 12 4 n , in which the individual 
images correspond to increasing phase values of the 
cardiac cycle. The second data acquisition sequence 120 

10 acquires second data 126. 

A patient's heart rate typically varies 
significantly, usually within a range of about 20% 
variation, from heart beat to heart beat. Additionally, 
for certain medical conditions or under the influence of 

15 certain medications, a patient's heart rate can be 
unusually low. For these reasons, a trigger window delay 
13 0 is advantageously included to account for such 
variations. The trigger window delay 130 is terminated by 
detection of a second trigger event 132 that indicates the 

2 0 start of a second cardiac cycle interval 134. Those 
skilled in the art will recognize that other methods such 
as retrospective gating can be used instead of the trigger 
window delay 130 to synchronize the data acquisition. In 
using retrospective gating to provide registration between 

2 5 the MRI imaging and the cardiac cycle, the cardiac cycle 

interval is advantageously measured using the ECG signal 
90, typically averaged over a few cardiac cycle intervals. 
The application of the imaging sequences 112, 120 is 
roughly synchronized with the cardiac cycle based on the 

3 0 measured cardiac cycle interval. Retrospective gating can 

be used to provide improved temporal registration of the 
imaging sequences 112, 120 with the measured 
electrocardiogram 90. 

In CSPAMM, tag persistence is improved by 
35 subtractively combining k-space data acquired with 
superimposed tags whose magnetization is 180° relatively 
out of phase. Thus, the first and second data acquisitions 
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112, 120 are repeated 136 with tags having the 180° 
magnetization phase-shift (not shown) to generate third 
data 138 and fourth data 140 corresponding to first data 
118 and second data 126, respectively. First and third 
5 data 118, 138 are subtractively combined 142 to generate 
first CSPAMM data 144 corresponding to the portion of the 
cardiac cycle lying between the first and second tags 114, 
122. Similarly, second and fourth data 126, 140 are 
subtractively combined 14 6 to generate second CSPAMM data 

10 148 corresponding to the portion of the cardiac cycle 
lying between after the second tag 122. 

Those skilled in the art will recognize that 
first and second CSPAMM data 144, 148 include, in the 
usual case of segmented CSPAMM, only partial k-space data, 

15 e.g. , corresponding to every thirty-second k-space line in 
the case of CSPAMM imaging segmented over thirty-two 
cardiac cycle intervals. Thus, the first and second 
CSPAMM data 144, 148 are collected over the reguisite 
number of cardiac cycles, with appropriate readout 

2 0 parameter variations from cardiac cycle-to-cardiac cycle, 
to acquire first and second complete CSPAMM image k-space 
data (combined k-space data not shown) . The combined data 
is reconstructed to produce one or more images 
corresponding to the combination of first CSPAMM data 144, 

2 5 and one or more images corresponding to the combination of 
second CSPAMM data 148. By using two tags 114, 122 in 
each cardiac cycle interval, two different sets of CSPAMM 
images are acquired over the exemplary thirty-two cardiac 
cycles. The two sets of CSPAMM images collectively cover 

30 a substantial portion of the cardiac cycle interval. 

With reference to FIGURE 7, a suitable exemplary 
embodiment of the tag sequence 114, 122 is shown. A first 
radio frequency (RF) pulse 200 includes a binomial series 
with interspersed "wrapping" read gradient pulses 202. 

35 This pulse/gradient sequence is known in the art to 
provide good SPAMM tagging characteristics in the readout 
direction. An orthogonal set of tag lines is formed in 
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the phase direction by a second RF pulse 2 04 defining a 
binomial series with interspersed "wrapping" phase gradient 
pulses 206. Of course, the tagging sequence 114 of FIGURE 
7 is exemplary only, and other tagging sequences can be 
5 employed in multiple-excitation CSPAMM imaging. 

With reference to FIGURE 8, a suitable exemplary 
embodiment of the image data acquisition timing sequence 
116 n , 124 n is shown. The sequence U6 n , !24 n is a gradient 
reversal readout sequence known to the art, and includes 

10 an RF excitation 222, slice-select gradient pulse 224, 
phase encoding gradient pulses 22 6, and readout pulses 228 
which produce the schematically represented k-space data 
230. Of course, other imaging readout sequences can be 
used. Those skilled in the art will recognize that the 

15 sequence 116 n , 124 n i s repeated a plurality of times to 
obtain the sequences of images 116, 124. 

More than two tags can be included in a single 
cardiac cycle interval. Experimentally, up to four SPAMM 
tags have been included into a single cardiac cycle 

2 0 interval. However, significant bleed-through overlapping 
of tags resulted in this case. The use of only two tags 
per cycle, i.e. in accordance with FIGURES 5 and 6, was 
found to provide optimal coverage of the cardiac cycle 
interval with minimal tag bleed-through. However, for 

2 5 patients with abnormally slow heart rates due to a 

physiological condition or the influence of medication, 
the use of three or even more tags is contemplated. 
Similarly, three or more tags may be preferable for 
covering the cardiac cycle in contrast-enhanced MRI, 
30 because the contrast agent 44 (FIGURE 4) typically reduces 
relaxation times and hence reduces the tag persistence. 
However, an advantage of selecting two tags per cardiac 
cycle interval relates to the fact that the image tagging 
does not register across tag applications. Thus, the use 

3 5 of only two tags results in only a single tag registration 

discontinuity per cardiac cycle interval. 

The invention is not limited to multiple- 
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excitation SPAMM or CSPAMM. In another exemplary 
embodiment schematically shown in FIGURE 9, multiple 
excitations are applied during a single cardiac cycle to 
perform multiple monitoring functions. The 
5 electrocardiogram 90 is monitored for a trigger event 310, 
and after a gating delay 312 data acquisition begins. A 
first acquisition sequence 314 effectuates SPAMM tagging 
316 followed by segmented SPAMM or CSPAMM partial image 
data acquisition block 318. The sequence 314 implements 

10 SPAMM or CSPAMM imaging similarly to the exemplary 
FIGURE 6. Optionally, a delay 320 is provided after the 
first acquisition sequence 314. 

With continuing reference to FIGURE 9 , a second 
data acquisition sequence 330 includes a preparatory 

15 sequence block 332 which is different from the SPAMM tag 
316, and an imaging sequence block 334. In the exemplary 
FIGURE 9, the image acquisition block 334 acquires an 
entire image, i.e. the image acquisition block 334 does 
not employ segmenting over multiple cardiac cycle 

2 0 intervals. After the second data acquisition 330, the 

electrocardiogram 9 0 is monitored during a trigger window 
340 for a recurrence 342 of the trigger event indicating 
a new cardiac cycle interval. The optional delay 320 
situates the second data acquisition sequence 330 at a 
25 selected portion of the cardiac cycle interval, such as 
inside the diastolic phase as shown in FIGURE 9. 

In one embodiment, the data acquisition sequence 
330 acquires perfusion data. With reference to FIGURE 10, 
in one exemplary preparatory sequence block 332, a spin 

3 0 inversion is effectuated preparatory to inversion recovery 

(IR) imaging having enhanced blood perfusion contrast. In 
an alternative preparatory sequence block, with reference 
to FIGURE 11 an exemplary saturation sequence block 332 2 
effectuates a spin saturation perfusion imaging 
35 preparation. The timing sequences 332,, 332 2 are well- 
known to those skilled in the art and need not be detailed 
herein for an enabling disclosure of the preferred 
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embodiments . 

With reference to FIGURE 12, an exemplary 
embodiment 334., of a timing sequence that performs multi- 
echo gradient imaging suitable for perfusion data 
5 acquisition is shown. The timing sequence of 334, is also 
well-known to those skilled in the art and need not be 
detailed herein. Those skilled in the art will also 
appreciate that many other types of imaging techniques can 
be employed for the perfusion imaging 334. Similarly, 

10 imaging of other physiological features beside perfusion 
can be performed, such as angiographic imaging. The 
imaging 334 could also use a velocity-encoded data 
acquisition sequence block (not shown) known to the art. 

The embodiment of FIGURE 9 employs segmented 

15 SPAMM or CSPAMM imaging associated with the first 
preparatory sequence block 316 which is a SPAMM tag, while 
the second preparatory sequence block 332 is used in 
conjunction with non-segmented imaging 334. Thus, 
acquisition of the entire SPAMM or CSPAMM k-space data set 

2 0 will occur over a plurality of cardiac cycle intervals, 

while a plurality of images of the type 334 will be 
acquired over the same cardiac cycle intervals. 

With reference to FIGURE 13 , one exemplary 
embodiment of combined CSPAMM/per fusion imaging in 
25 accordance with the schematic cardiac cycle interval 
timing diagram of FIGURE 9 is described. In FIGURE 13, 
the CSPAMM imaging is segmented over sixteen cardiac 
cycles 360, including both the tagged 362 and 
complementarily tagged 364 data acquisitions. As shown, 

3 0 the tagged 362 and the complementarily tagged 364 k-space 

data acquisitions are alternated between cardiac cycle 
intervals 360. Thus, in a first cardiac cycle 366, tagged 
k-space lines 1, 9, 17, 25, 33, 41, 49, and 57 are 
acquired. In a second cardiac cycle 368 corresponding 
35 complementarily tagged k-space lines 1, 9, 17, 25, 33, 41, 
49, and 57 are acquired. 

The process is repeated every two cardiac cycles 
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3 60 until both tagged and complementarily tagged k-space 
lines 1 through 64 are acquired. This represents complete 
data for a segmented CSPAMM image representation (not 
shown) corresponding to 64 k-space data lines. The 
5 acquired data is reconstructed to form the CSPAMM image 
representation using reconstruction methods known to the 
art. Preferably, with reference returning to FIGURE 9, a 
plurality of CSPAMM images 318, ... 318 n spanning a 
selected phase range 318 of the cardiac cycle interval 

10 subsequent to the application of the SPAMM tag 316 are 
acguired in accordance with the k-space line segmentation 
shown in FIGURE 13 . 

With continuing reference to FIGURES 9 and 13, 
in addition to the CSPAMM acquisition 314, each cardiac 

15 cycle interval 3 60 includes a preparation sequence block 
380 which in FIGURE 13 is a spin inversion sequence block 
3 32, shown in FIGURE 10. An image having enhanced 
perfusion contrast is acquired 382 during each cardiac 
cycle interval 360, e.g. using the timing sequence 334, of 

20 FIGURE 12. Thus, the acquisition over sixteen cardiac 
cycle intervals of a single CSPAMM image also includes 
acquisition of sixteen images containing perfusion 
information. The sixteen images collectively provide 
information regarding the rate at which blood perfusion 

2 5 into the tissues occurs. 

The described CSPAMM/perfusion imaging 
combination advantageously measures heart motion by CSPAMM 
during the systolic cardiac cycle phase and perfusion 
during the diastolic cardiac phase. The embodiment of 

3 0 FIGURE 13 makes more complete use of the cardiac cycle 

interval versus prior art magnetic resonance imaging 
methods. Furthermore, the segmented acquisition of CSPAMM 
data over sixteen cardiac cycle intervals is practicable 
because the heart motion typically remains substantially 
3 5 uniform over many cardiac cycles. In contrast, perfusion 
of a contrast-agent 4 4 (FIGURE 4) into the cardiac muscle 
occurs very rapidly, typically becoming substantially 
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complete in a few seconds. Thus, acquisition of a 
complete perfusion image during each cardiac cycle 
provides image acquisition at a rate of approximately one 
image per second (for a heart rate of 60 beats per minute) 
5 which is sufficient to monitor the perfusion in real time. 

With reference to FIGURE 14 , a variant 
embodiment of combined CSPAMM/perfusion imaging in 
accordance with the schematic cardiac cycle interval 
timing diagram of FIGURE 9 is described. In FIGURE 14, 

10 the first eight cardiac cycle intervals are used to 
acquire the tagged k-space lines, while the second eight 
cardiac cycle intervals are used to acquire the 
complementarily tagged k-space lines. Of course, the 
arrangements for segmenting the CSPAMM imaging shown in 

15 FIGURES 13 and 14 are exemplary only, and other possible 
k-space acquisition arrangements are also contemplated. 

The SPAMM or CSPAMM segmentation over sixteen 
cardiac cycle intervals in FIGURES 13 and 14 is exemplary 
only. Segmentation performed over a larger number of 

2 0 cardiac cycle intervals provides more k-space lines 

corresponding to a higher image resolution. Segmentation 
over fewer cardiac cycle intervals reduces the likelihood 
of blurring due to patient motion. Typically, the breath 
hold time determines the interval during which blurring is 
25 negligible, and the breath hold time is patient-dependent. 
Similarly, the acquisition of eight k-space lines per 
cardiac cycle interval in FIGURES 13 and 14 is exemplary, 
and more or fewer k-space lines per cardiac cycle interval 
can be acquired. For SPAMM or CSPAMM segmentation over a 

3 0 fixed number of cardiac cycle intervals, a trade-off can 

be made between the number of image k-space lines acquired 
per cardiac cycle interval, which translates into image 
spatial resolution, and the number of images in the image 
sequence 318 1 ... 318 n (FIGURE 9) which translates into 
3 5 temporal resolution. 

With reference returning to FIGURE 9 and with 
further reference to FIGURES 15 and 16, another exemplary 
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embodiment of the data acquisition sequence 330 is shown 
which performs diffusion preparation and echo-planar 
imaging (EPI) readout. FIGURE 15 shows an embodiment 332 3 
of the preparatory sequence 332 which provides diffusion 
5 preparation, and FIGURE 16 shows an embodiment 334 2 of a 
timing sequence for acquiring one of the images forming 
the sequence 334 which performs echo planar imaging (EPI) . 
The timing sequences of 332 3 , 334 2 are well-known to the 
art and need not be detailed herein for an enabling 

10 disclosure. 

It will be appreciated that the embodiments of 
FIGURES 9 through 16 are exemplary only. Those skilled in 
the art can vary the order, timing, and type of the 
multiple saturation or preparatory sequences and the 

15 corresponding imaging sequences to optimize the multiple- 
excitation cardiac cycle imaging for specific 
applications. With reference returning to FIGURE 1, the 
heart is largely quiescent during the diastolic phase 
subsequent to the T-wave T. Thus, it is contemplated to 

2 0 include a plurality of imaging modes therein with 
appropriate preparatory sequence blocks for each and 
subsequent image fusion. For example, a perfusion imaging 
block and an angiographic imaging block can be inserted 
into the diastolic portion of the cardiac cycle interval 

2 5 and the images subsequently fused to provide more complete 

information on blood movement in the cardiac muscle during 
each cardiac cycle interval. Particularly in the case of 
contrast-enhanced MRI, combining contrast modalities 
during each cardiac cycle interval advantageously extracts 

3 0 maximum information over the limited time during which the 

contrast agent saturates the vascular systems. 

With reference to FIGURE 17, yet another 
exemplary embodiment is shown, which combines segmented 
SPAMM or CSPAMM 400 imaging with images 402 that show the 
3 5 late enhancement effect in a single cardiac cycle. As is 
known to the art, regions of myocardial injury typically 
exhibit measurably higher signal intensities versus 
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healthy myocardium within a certain time frame after 
administration of certain types of contrast enhancement 
agent 44. This effect, often called late enhancement, is 
apparently due to delayed circulatory removal of the 
5 contrast agent from the regions of myocardial injury. 

The late enhancement effect can be imaged using 
the preparatory and readout timing sequence blocks 332 
332 2 , 334 1 of FIGURES 10 through 12, for example. However, 
the late enhancement contrast is weak, and so optimized 

10 imaging conditions are especially important. As shown in 
FIGURE 17, the late enhancement portion 402 of the data 
acquisition 400, 402 is varied in a preselected manner for 
each successive cardiac cycle interval. In particular, 
each preparatory sequence block 404.,, 404 2 , 404 3 , 404 4 has 

15 a different flip angle a 1 , a 2 , a 3 a u and each readout 
block 406 a different delay T l .,, T- 2 , T i3 , T i4 . The 
optimized late enhancement image can be selected from the 
resulting varied conditions. Since the late enhancement 
acquisition is combined with segmented SPAMM or CSPAMM 

2 0 imaging through the use of multiple preparatory tags and 

readouts in each cardiac cycle interval, this additional 
data is obtained without any corresponding increase in 
imaging time versus performing the segmented SPAMM or 
CSPAMM by itself. 
25 With reference to FIGURES 18A, 18B, and 18C, 

results for an exemplary application of multi-excitation 
CSPAMM imaging are presented. These imaging results 
should be compared with the analogous conventional CSPAMM 
images of FIGURES 3A, 3B, and 3C. It will be seen that 

3 0 the images IMC 3/64 and IC 3/64 corresponding to 

multi-excitation CSPAMM and conventional CSPAMM, 
respectively, and taken at phase=3/64 are quite similar to 
each other, as are the corresponding images IMC 22/64 and 
IC 22/64 which are taken at phase=22/64. However, the 
3 5 sequences diverge at phase=3 2 (not shown) , because in the 
multiple-excitation CSPAMM the second tag 122 (FIGURE 6) 
is applied at phase=32 of the cardiac cycle. As clearly 
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seen by comparing FIGURE 18C with FIGURE 3C, the multiple- 
excitation CSPAMM image IMC 42/64 has clearly defined tags 
contrast and clearly defined cardiac image contrast, 
whereas the corresponding conventional CSPAMM image IC 42/64 
5 has a substantially faded or washed out image contrast. 
It will be recognized that the tags in the image IMC 42/64 do 
not register with the tags of the image IMC 22/64 due to the 
intervening application of the second tag 122. However, 
the multiple-excitation CSPAMM imaging of FIGURES 18A, 

10 18B, 18C do provide useful cardiac cycle 
force/stress/motion information throughout the cardiac 
cycle interval, whereas the conventional CSPAMM does not 
provide useful information at phase=42/64 of the cardiac 
cycle or beyond. 

15 Another important advantage of the invention is 

reduced radiation exposure of the patient. With reference 
returning to FIGURE 1, in conventional SPAMM or CSPAMM, 
only a single tag TAG is applied in each cardiac cycle 
interval. In order for the magnetization of the tag TAG 

20 to persist as long as possible, a large angle of 
excitation corresponding to strong magnetic field 
gradients and RF pulses are applied during the tagging. 
These large field gradients and RF magnitudes corresponds 
to a high specific absorption ratio (SAR) delivered to the 

25 patient during the cardiac cycle interval. 

In contrast, with reference to FIGURE 6, in 
multiple-excitation SPAMM or CSPAMM two or more SPAMM tags 
114, 122 are applied over the cardiac cycle interval, and 
each tag need only persist for a half cardiac cycle 

30 interval or less. Thus, each tagging can use a smaller 
angle of excitation corresponding to lower gradients and 
RF pulse amplitudes, and the SAR delivered to the patient 
is reduced accordingly. Multiple SPAMM tags each having 
a smaller flip angle versus a single high energy SPAMM tag 

3 5 can reduce the SAR delivered to the patient. For example, 
it has been calculated that for a rectangular B 1 pulse the 
total SAR is proportional to the square of the flip angle, 
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while the tip of the flip angle is estimated to be 
proportional (to some order) to the persistence of the 
tag. Thus, where a deep, high-angle pulse (such as a max 
90 degree pulse) , may exceed limits of tolerable SAR, 
5 distributing the preparatory excitation over the cardiac 
cycle can give the same excitation persistence with a 
lower total SAR. Using lower SAR tags in multiple- 
excitation SPAMM or CSPAMM also advantageously reduces the 
overlap of magnetization produced by successive tags. Of 

10 course, these same considerations apply generally to other 
types of preparatory sequences, such as the preparatory 
sequences 332., 332 2 332 3 of FIGURES 10, 11, and 15. 

The invention has been described with reference 
to the preferred embodiments. Obviously, modifications 

15 and alterations will occur to others upon reading and 
understanding the preceding detailed description. It is 
intended that the invention be construed as including all 
such modifications and alterations insofar as they come 
within the scope of the appended claims or the equivalents 

20 thereof. 



